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Production and hosting byAbstract By applying the ‘theory of synchronization’ from the science of complexity to studying the
regional regularity of ore formation within the Nanling region of South China, a characteristic
target-pattern regional ore zonality has been discovered. During the early and late Yanshanian epoch
(corresponding respectively to the Jurassic and Cretaceous periods), two centers of ore formation emerged
successively in the Nanling region; the former is mainly for rare metals (W, Sn, Mo, Bi, Nb) and one rare-
earth element (La) and was generated in the Jurassic period; whereas the latter is mainly for base metals
(Cu, Pb, Zn, Sb, Hg), noble metals (Au, Ag), and one radioactive element (U) and was generated in the
Cretaceous period. Centers of ore formation were brought about by interface dynamics respectively at the
Qitianling and Jiuyishan districts in southern Hunan Province. The characteristic giant nonlinear target-
pattern regional ore zonality was generated respectively from the two centers of ore formation by the
spatio-temporal synchronization process of the Nanling complex metallogenic system. It induced the
collective dynamics and cooperative behavior of the system and displayed the configuration of the regional
ore zonality. Then dynamical clustering transformed the configuration into rudimentary ordered coherent
structures. Phase dynamics eventually defined the spatio-temporal structures of the target-pattern regional
ore zonality and determined their localization and distribution. The integral successive processes of
synchronization-dynamical clustering-phase dynamics accomplished the regional ore zonality by way of
“multiple field dynamics” of spatio-temporal superposition of multiple coupled pulsatory solitary wave
trains of the zonal sequences of different ores. A new methodology for revealing regional ore zonalityeosciences (Beijing) and Peking
evier B.V. All rights reserved.
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C.W. Yu / Geoscience Frontiers 2(4) (2011) 551e569552Figure 1 The absolute ages of formis developed, which will encourage further investigation of the formation of deep-seated ore resources and
the onset of large-scale mineralization.
ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.Part I of this paper is “The theory of formation of the ‘target
pattern’ regional ore zonality” in which we briefly expounded
synchronization, dynamical clustering and phase dynamics
sequentially in three sections. Part II is “The methodology,
premises and methods of synchronization researches and the
results of investigation”. In Part III we shall discuss the regularity
of regional ore formation in the Nanling regiondthe target-pattern
regional ore zonality in detail.
1. Ore formation in early and late Yanshanian
epochs
1.1. The distribution of the South Chinese Mesozoic
endogenetic metallogenic epochs
Zhan (1994) collected data of absolute ages from 109 Mesozoic
endogenetic ore deposits of W, Sn, Mo, Nb, Ta, REE, Cu, Pb, Zn,
Au, Ag, Fe, U in South China, and compiled and worked out
a diagram for the distribution of the South Chinese Mesozoic
endogenetic metallogenic epochs (Fig. 1).
Using the Mesozoic absolute geochronological timescale (Zhan,
1994: tZ 75e254 Ma), logarithmic (logelog) plots of absolute
geological ages (t) of ore formation for various ore deposits in
South China vs. the cumulative frequencies of their occurrence
during the Indo-Chinese (T, Triassic, 254e205 Ma), earlyation of endogenetic metallic oreYanshanian (J, Jurassic, 205e135 Ma) and late Yanshanian (K,
Cretaceous, 135e52 Ma) epochs have been worked out (Fig. 2).
1.2. The characteristics of the metallogenic epochs
The following characteristics are apparent from Fig. 2:
(1) A straight line with negative slope appears in the Indo-
Chinese (T), early Yanshanian (J) and late Yanshanian (K)
epochs, respectively.
(2) The absolute values of the slopes of these three straight lines
increase sequentially according to the order of KeJeT.
(3) The two straight lines in T and J intersect at 203 Ma, and the
two straight lines in J and K intersect at 135 Ma. These two
intersection points just coincide with the boundaries between
TeJ and JeK, respectively.
From the foregoing characteristics we can draw the following
conclusions:
(1) The first characteristic shows that the evolution of ore-
forming systems in South China (including the Nanling
region) during the Indo-Chinese, early Yanshanian and late
Yanshanian epochs approached a self-organized criticality by
way of self-organization. The frequencies of occurrence of the
ore-forming processes all obey the inverse power law anddeposits in South China during the Mesozoic era (after Zhan, 1994).
Figure 3 Three typical scale-invariant noises and their logelog
plots of “spectral densities S(f ) e frequencies (f )” and corresponding
“velocities V(t) e times(t)” plots (after West and Deering, 1995).
Figure 2 The logelog plot of metallogenic frequencies (f ) vs.
geological times (t) (Ma) for the Mesozoic era in South China.
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during the three metallogenic epochs, not only the distribution
of the enrichment of the ore-forming metals possesses the
fractality in the statistical sense, but also the ore-forming
processes demonstrate the characteristic of fractal dynamics.
(2) The third characteristic combined with that seen in Fig. 1 and
compared with Figs. 10e15, Figs. 16e23, and Figs. 24 and 25
(Yu, 2011b) brings to light the fact that the paragenetic
association of ore-forming metals in the early Yanshanian
epoch is different from that in late Yanshanian epoch: the
former being W, Sn, Mo, Bi, Nb, La (i.e., rare metals and rare
earth elements, REEs), whereas the latter is Cu, Pb, Zn, Ag,
Au, Sb, Hg, U (i.e., base metals, precious metals and radio-
active element).
(3) The second characteristic shows clearly that the absolute
values of the slopes of the three straight lines in the Indo-
Chinese, early Yanshanian and late Yanshanian epochs of
ore formation increase sequentially according to the order of
KeJeT. In order to have a better understanding with respect
to this statement we have to make a further analysis.1.3. The priority of ore formation during the Mesozoic era
Fig. 3 shows logelogplots of ‘spectral densitiesS(f )e frequencies(f )’
and corresponding ‘velocities V(t) e times(t)’ plots for three typical
scale-invariant noises (West and Deering, 1995). The left panel shows
the spread of energy of the system over the spectrum of frequencies of
oscillations. From top to bottom, three situations appear successively:
(i) the energy of the system does not change as the frequency
increases, i.e., it keeps constant;
(ii) the energy of the system decreases moderately as the
frequency increases;
(iii) the energy of the system decreases drastically as the
frequency increases.
The right panel shows the variation of the velocity of Brownian
motion V with the time t. The equation of motion is
dV
dt
Z gV þ f ðtÞ ð1ÞThis is called the Langevin equation, where V is the velocity of the
Brownian particle, g is the dissipation parameter and f(t) is the
random force. As the random force f(t) always provides a fluctu-
ation about the average velocity of the Brownian particle, so the
practical solution to Eq. (1) (West and Deering, 1995) is
VðtÞZ½VðtÞfþ
ðt
0
egðtt
0Þf ðt0Þdt0 ð2Þ
where [V(t)]f is the average velocity (i.e., statistical expectation)
and the last term represents the fluctuation. From top to bottom,
three situations appear successively in the right panel of Fig. 3:
(i) the velocity of a Brownian particle fluctuates frequently with
a small amplitude about its average velocity as time increases;
(ii) the velocity of a Brownian particle fluctuates moderately
with a medium amplitude about its average velocity as time
increases;
(iii) the velocity of a Brownian particle fluctuates drastically with
a large amplitude about its average velocity as time increases.
The discussion resulting from Fig. 3 reminds us of the deep
implications of the important and general significance of ‘fractal’
and ‘scaling’:
(i) a fractal is the result of ‘multiple (contradictory) optimiza-
tion under constraint’ (Nottale, 1993);
(ii) the basic idea of scaling and self-similarity consists in the
‘intermediate asymptotics’ (Barenblatt, 2003).
Self-similar solutions are of intrinsic interest not only, and not
mainly, as exact solutions of isolated, specific problems, but above all
as intermediate-asymptotic representation of the solutions, i.e., the
development of the phenomenon for intermediate times and
distances away from the boundaries. This is precisely where the
1 Yichang Institute of Geology and Mineral Resources, 2002. The
Estimation of Tin-polymetallic Mineral Resources in the Nanling Region.
Yichang Institute of Geology and Mineral Resources, 214 pp. (in Chinese).
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(Barenblatt, 2003).
From the implications (i) and (ii) of ‘fractal’ and ‘scaling’ of
Fig. 3 stated above, we can draw the following conclusion from
the second characteristic of Fig. 2, among the three metallogenetic
epochs (Indo-Chinese, early Yanshanian, late Yanshanian), the
priority of ore formation is as follows: during the early Yanshanian
epoch the metallogenic system arrived at an intermediate-
asymptotic stage by way of multiple optimitization presented as
the optimum regime and was the most favorable metallogenetic
epoch; the late Yanshanian epoch was the second favorable met-
allogenetic epoch; while the Indo-Chinese epoch was the most
unfavorable metallogenetic epoch.
In summary, in the Nanling region, the large-scale metal-
logenetic processes mainly occurred in the early and late Yan-
shanian epochs and the former was more superior than the latter.
1.4. The hierarchical evolution of the Mesozoic
metallogenic processes
Synchronization of the complex, giant metallogenic system in the
Nanling region induced the collective dynamics and cooperative
behavior of the system and displayed the configuration of the
regional ore zonality. Then dynamical clustering transformed the
configuration into rudimentary ordered coherent structures.
The development of synchronization and dynamical clustering in
the Nanling region manifested as a complex, hierarchical evolu-
tionary process. The whole process can be divided into four orders:
First order (I): The Indo-Chinese metallogenetic epoch;
Second order (II): The early Yanshanian metallogenetic
epochdthe regional ore zonality with its center of ore
formation in the Qitianling district (multi-element coupled-W,
Sn, Mo, Bi, Nb, La);
Third order (III): The late Yanshanian metallogenetic epochd
the regional ore zonality with its center of ore formation in the
Jiuyishan district (multi-element coupled-Cu, Pb, Zn, Ag, Au,
Sb, Hg, U);
Fourth order (IV): The early Yanshanian metallogenetic epochd
the regional ore zonality in the Qitianling district (single
elements); the late Yanshanian metallogenetic epochdthe
regional ore zonality in the Jiuyishan district (single elements).
Finally, it must be emphasized that the analysis of the evolution
of the coupled periodic oscillator-ensemble with globally coupled
logistic maps shows that there are three dynamic phases: full
synchronization phase, turbulent phase, and clustering phase. The
clustering phase situates at the transitional spatio-temporal domain
between the other two phases, corresponding to ‘partial synchro-
nization’, and occurring at the edge of chaos. Wherefrom we draw
the following important conclusion: the target-pattern regional ore
zonality in the Nanling region occurred at the edge of chaos and
grew by fractal dynamics (see Yu, 2011a, Section 2.2 and Fig. 7).
2. Two centers of ore formation
In the Nanling region, there are two ‘target-pattern’ regional ore
zonings, each of which has a center, as noted above, in the
Qitianling and Jiuyishan districts, where the ore formation
corresponds respectively to the early and late Yanshanian metal-
logenetic epochs (Yu, 2011b, Figs. 24 and 25).2.1. The geodynamic background of the center of ore
formation in the Early Yanshanian epoch
Chenzhou is at the center of the Qitianling district which is one
center of ore formation of the Nanling region. The tectonic
research showed that the subductionecollision belt between
Yangtze and Cathay plates during the late Triassic Indo-Chinese
epoch passed through the Nanling region. Chenzhou is just situ-
ated at the inflexion point from NE-trending to NNE-trending of
the deep-level tectonic belt (Wan, 2011) (Fig. 4).
The boundary along ShaoxingeBeihai (coding number 29 in
Fig. 4) represents the demarcation line of the subductionecollision
belt between Yangtze and Cathay plates.
Further geophysical investigation revealed that Chenzhou is
just situated at a Mohorovicic-discontinuity fault zone near an
ancient subductionecollision wedge-shaped belt. The latter was
generated along the YangtzeeCathay subductionecollision fault
zone (a thickening region in lithosphere) which is NE-trending in
the eastern part but was inflected to NNE-trending in the western
part after crossing a NW-trending basement fault zone to the
western part (Fig. 5).
According to the seismicity and gravity data provided by the
Yichang Institute of Geology and Mineral Resources (2002),1
Chenzhou is situated at the turning position from depression to
swell of the Mohorovicic-discontinuity (Moho) (Fig. 6). These
data show that the depth of the Moho in the Nanling region is
30 km in the southeast to 41 km in the northwest, with a drop in
depth of 11 km. From Chenzhou to Ganzhou, there is an area of
depression of the Moho; from Hengyang to Taihe, there is an area
of swell of the Moho, with a depth of 30 km; and then from
Shuangpai to Chengbu, the depth of the Moho drops again to
40 km, this being the deepest position in the Nanling region.
Thus Chenzhou, being the center in the Qitianling district, is
just situated at the turning position from depression to swell of
Moho (Fig. 6).
In addition, there are evident differences in characteristics of
deep-level geophysical parameters between the Yangtze and
Cathay plates (Table 1).
2.2. The dynamic mechanism of the generation of center of
ore formation
From a dynamics viewpoint, the center of ore formation is the
pacemaker in the field of excitability, which is the source of
chemical waves. Thus, this is also called the “organizing center”
of chemical waves.
The excitability of a system originates from a particular property
of flow-reaction in phase space. When an excitable system is in
a static state, if it is affected by even a small perturbation, then it
undergoes a large but instantaneous change. Thus it is natural to
treat excitable systems using a local ‘interface’ structure repre-
senting the sudden change in state of the system over a small
distance.
In a flow-reaction system, when the velocity of flow (slow
variable) is within a definite range, then the velocity of reaction
(quick variable) induces bistable subsystems at the interface of the
boundary layer. They present as active and nonactive states
respectively, and are separated sharply by the interface. The slow
Figure 4 Sketch map of tectonic events of the early Yanshanian epoch (175e135 Ma) in the continent of China (after Wan, 2011). 1: Granitoid
intrusion of Yanshanian epoch; 2: Volcanics of Yanshanian epoch; 3: The boundary between continental- and transitional-lithosphere types (with
continental crust and oceanic lithospheremantle); 4: Numbered collision zones of plates and zones of thrust fault; 5: Normal faults and strike-slip faults;
6: Weakly active block boundaries or faults of Yanshanian epoch; 7: Traces of fold axes, only shown for anticlines; 8: Traces of maximum principal
compressive stresses (s1); 9: Direction of plate movement; 10: Distribution area of strata with angular unconformity; 11: Distribution area of
strata with disconformity or conformity. NWeNorthwest block; SWe Southwest block; HLeHelanshaneLiupanshan fold zone; ERe Erdos block;
JJeHebeieShanxi fold magmatic zone; HBeHebei block; JLe Jiaoliao fold zone; SNe Songneng foldmagmatic zone;WDeWandashan collision
zone; XAeXinganling block; QLeQinling block; SYe SichuaneYunnan fold zone; SCe Sichuan block; GSeGanzeeSongpan fold zone; XEGe
HunaneHubeieGuangxi fold zone; XYZ e Lower Yangtze fold zone; SE e Southeast fold magmatic zone. Note: Little square with coding 29 in the
figure represents the demarcation line along ShaoxingeBeihai of the collision belt between YangtzeeCathay plates.
C.W. Yu / Geoscience Frontiers 2(4) (2011) 551e569 555variable (velocity of flow) causes the two kinds of stable state to
take place with a sudden transition (“switch”) at the interface,
whereby the active state renders the system to give rise to
“excitability”. The bistability and excitability are brought about by
the cooperative dynamics of quick and slow variables, or ‘inter-
face dynamics’.
The excitability enables the media to give rise to a pacemaker.
It is the most important constituent of ‘organizing centers’, which,
in general, appear as catalytic sites. These sites possess a kineti-
cally oscillatory property, making them the source of chemical
waves (Epstein and Pojman, 1998; Mori and Kuramoto, 1998).
The chemical compositions and geochemical properties of the
geological media in the Nanling region are highly complicated and
diversified. They are the excitable media, enabling the setting up of
excitable fields, making the concentrations of chemical components
of the various flow-reaction systems to change periodically or quasi-
periodically, thus inducing chemical oscillations. Chemical oscilla-
tions are the driving force for the nonlinear chemical dynamic
processes. To state concretely, in the excitable systems in the
southern Hunan province of the Nanling region, thereactionediffusion systems formed the two organizing centers of
chemical waves or pacemakers in the Qitianling and Jiuyishan
districts respectively during the early and late Yanshanian metal-
logenetic epochs. They are the two centers of ore formation in the
Nanling region.
The relationship between the two centers of ore formation
deserves attention. There are two possibilities: (1) they formed
independently and successively during the early and late Yan-
shanian metallogenetic epochs; and (2) after the first center in the
Qitianling district formed during the early Yanshanian epoch, the
center then shifted to the Jiuyishan district through an intermittent
period, and then formed the second center of ore formation.
First we turn to the second possibility. Under the condition of
no external perturbation, oscillations spontaneously started off
from the pacemaker of a system, propagated concentrically along
radial directions and formed expanding target-pattern waves. If
some physical blockade appeared in the media, causing the
formation of target pattern to be obstructed, then the broken ends
of the chemical waves would curve inward to form a pair of
rotating spiral waves (Fig. 7). After a period of time, the core (i.e.,
Figure 5 Sketch map showing the subductionecollision fault zone between Yangtze and Cathay plates and its relationship with the deep-level
structures, the thickness of carbonate rock of HercynianeIndo-Chinese structural layer and the distribution of large-scale mineral deposits in the
Cathay plate (after China Geological Survey, 2003) [China Geological Survey, 2003. Study of Key Regions for Mineral Resources Survey and
Estimation of Primary Prospect Areas in China (8). China Geological Survey, 71 pp (in Chinese)]. 1: Isopach of carbonate rock (m); 2: Old land;
3: Thickening region in lithosphere; 4: Fault zone of Mohorovicic-discontinuity; 5: Basement fault zone; 6: Subductionecollision fault zone
between Yangtze and Cathay plates; 7: Large and superlarge scale hydrothermal mineral deposits; 8: Medium and superlarge scale strata-bound
leadezinc mineral deposits.
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move randomly, instead the core, and the spiral it carries with it,
could undergo a variety of complex but regular motions. This
motion of the spiral core is known as ‘meander’ (Winfree, 1985,
1991), which is a general property of spiral waves in excitable
media. One can understand the progression from one meander
pattern to another in much the same way that one can view
bifurcations among temporal states of a system as parameters are
varied (Epstein and Pojman, 1998).
According to the above discussion, we give the following
explanation for the relation between the two centers of ore
formation in the Nanling region. After the formation of the first
center of ore formation at the Qitianling district during the early
Yanshanian epoch, the environment of the excitable field under-
went large variation over a long period of time until the arrival of
late Yanshanian epoch. The first pacemaker experienced
‘meander’, and shifted to the Jiuyishan district and then formed
the second center of ore formation.
3. The ‘target-pattern’ regional ore zonality
In the Nanling region, two centers of ore formation emerged
respectively from the Qitianling and Jiuyishan districts during the
early and late Yanshanian metallogenetic epochs and thereby two
giant target-pattern regional ore zonings developed correspondingly
around them. The former is located at the north belt of the ‘Nanling
Granite Belts’ (i.e., the QitianlingeJiufengshan rock-belt), and thelatter is located in its middle belt (i.e., the DadongshaneGuidong
rock-belt) (Yu, 2011a, Fig. 2).
3.1. The morphology and structure of the regional ore
zonings
The two target-pattern regional ore zonings manifest concentric
shapes in two dimensions, and probably present as inverted
cones with apices downward in three dimensions. The apex of
the target-pattern cone for the early Yanshanian epoch corre-
sponds to the Qitianling center of ore formation, which is
probably located at the turning position from depression to swell
of the Moho at depth. The target pattern of the Jiuyishan ore
zoning has developed relatively perfectly, whereas that in the
Qitianling district presents as a semicircle, with the imperfec-
tion probably due to the limitation of east and south boundaries
(Yu, 2011b, Figs. 24 and 25).
As noted, both regional ore zonings have a distinct concentric
structure, in which the rings of different chemical elements
possess different radii. They superpose as a nest and form a target
pattern as a whole. The zoning for a single element possesses at
least one to two relatively integrated, symbolic rings; however,
sometimes imperfect ‘arc segments’ with different lengths can
appear at different distances from the center of ore formation.
These concentric rings and segments were generated by the
spatio-temporal periodic pulsation of the solitary wave trains of
the ore-forming hydrothermal solutions occurring in the
Figure 6 Map of isodepth contour lines for Moho- and Curie-surfaces in the Nanling region (after Yichang Institute of Geology and Mineral
Resources, 2002).
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Figs. 16e23).
3.2. The metallogenetic epochs and their paragenetic
associations of ore-forming elements in the regional ore
zoning
Among the 14 ore-forming elements, W, Sn, Mo, Bi, Nb and La (6
elements) appear in the regional ore zoning in the Qitianling district,Table 1 Characteristics of geophysical parameters between the Yangtz
Resources, 2002).
Geophysical parameters (unit)
Velocity of Earth crust (km/s)
Density of Earth crust (kg/m3)
Thickness of Earth crust (km)
Thickness of lower Earth crust (km)
Thickness of lithosphere (km)
Surface heat flow (mW/m2)
Deep-level heat flow (mW/m2)
Density of upper mantle (kg/m3)
Resistivity of Earth crust and upper mantle (Um)
Data in Table 1 are obtained from statistical analysis of geophysical parametwhereas Cu, Pb, Zn, Au, Ag, Sb, Hg and U (8 elements) appear in the
Jiuyishan district. Comparing with the data of absolute ages from the
metallogenetic epochs formost ore deposits (see Section 1), we know
that the former association of elements belongs to the early Yan-
shanian, and the latter belongs to the late Yanshanian. Thus, in the
earlyYanshanianmetallogenetic epoch, the ore-forming elements are
mainly rare metals and rare-earth elements, whereas in the late
Yanshanian, the ore-forming elements are mainly base metals,
precious metals and radioactive element.e and Cathay plates (after Yichang Institute of Geology and Mineral
Yangtze plate Cathay plate
6.36 6.23
2.78e2.84 2.72e2.76
42.92 31.05
19.85 10.72
113e170 150e320
33.05e48.50 25.11e63.84
25.86e33.33 8.24e36.92
3.32e3.36 3.30
n $ 102en $ 103 n $ 10en $ 102
er values of the QuanzhoueHeishui Global Geoscience Transect (GGT).
Figure 7 Simple and complex rotation of a spiral wave. a: Simple rotation of a spiral wave. The endpoints of the spiral arms move in such
a way as to describe a stationary circle; b: This circular motion destabilizes and complex rotation (biperiodic motion) results (after Skinner and
Swinney, 1991).
Figure 8 Poisson distribution for zone chromatography, showing
relative solute concentration after m zone passes as a function of
reduced distance from the initial position of the solute (after Pfann,
1966).
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Based on the mechanism of formation and the structures of ore
zonings, we can infer the order of regional ore zoning (see Section
4). In the regional ore zoning of the early Yanshanian epoch, the
distances from the center of ore formation of the six zones are, from
the near to the distant: BieMoeNbeLaeSneW. In the regional
ore zoning of the late Yanshanian epoch, the distances from the
center of ore formation of the eight zones are, from the near to the
distant: CuePbeZneAgeAueSbeHgeU.
The orders of regional ore zonings of both the early and late
Yanshanian epoch are analogous to distribution of solute bands in
zone chromatography produced by “zone melting”, which is
a refining process in metallurgy and possesses the remarkable
potential as a chromatographic separation technique (Pfann, 1966).
By zone chromatography we refer to placing a mixture of
solutes at a point in a long column of solid solvent, and passing
many molten zones along the column to separate the components
of the mixture into individual bands (Pfann, 1966). A band moves
at a rate determined by the distribution coefficient k of its solute in
the solid solvent. Solutes having (k< 1) move forward; the
smaller k is, the more rapidly the solute moves. Solutes having
(k> 1) move backward, a phenomenon, which is not found in
conventional chromatography.
The basic equations describing zone chromatography were
derived by Reiss and Helfand (1961) and Pfann (1964) as
CnðxÞ
kCi
Z
1
m!
h
k
x
l
þm
im
exp
h
 k
x
l
þm
i
ð3Þ
where Cn(x) denotes the concentration in the solid, Ci is the
concentration in the zone at xZ 0 (x denotes the position of the
zone). Cn(x)/kCi denotes the relative concentration at position x.
Eq. (3) shows that the solute distribution in a band has the form of
a Poisson distribution as plotted in Fig. 8 for the value mZ 9 (m
denotes the mth zone pass).
The abscissa are in units of Zh k[(x/l )þm]. The curve of
Fig. 8 represents the distribution of solute along the column after
nZmþ 1Z 10 zone passes. The peak width is defined as the
distance between the points of intersection, a and b, of the hori-
zontal axis with tangents drawn through the two inflection points.
Fig. 8 shows a universal curve for distribution of all solutes
after 10 zone passes, which is unable to readily indicate the
separating power of the column that arise from differences in k.
For this a plot having abscissa in units of x/l is useful (l denotes
the length of melting zone). Such plots are shown in Fig. 9 forvarious k’s and for mZ 25, 50 and 196. For simplicity, instead of
the Poisson curve for each k-value, triangles similar to abc in
Fig. 8 are plotted (Pfann, 1966).
Fig. 9 illustrates: (1) the more rapid movement and more rapid
increase of peak width with decrease for k< 1; (2) the stationary
maximum for kZ 1, and the reverse movement for k> 1, which is
not found in conventional chromatography.
The physical principle of zone chromatography is that the
order of individual band of solute in the zonality and the width of
solute bands are both determined by the distribution coefficient
Figure 9 Schematic representation of height, location, and width of
solute bands in zone chromatography, for various values of the
distribution coefficient k, after mZ 25, 50, and 196 zone passes (after
Pfann, 1966).
Figure 10 The interaction of two solitons (after Scott and
Stevenson, 1984).
C.W. Yu / Geoscience Frontiers 2(4) (2011) 551e569 559(k): The smaller k is, the more rapidly the solute moves, and the
larger width the solute band has. It is quite evident that more rapid
movement of the solute is equivalent to larger distance traveled by
the solute band. Hence in the case of both regional ore zonings,
the velocity of propagation of the chemical wave for the nearer
zone is relatively slower, whereas for the more distant zone it is
relatively faster (Yu, 2011b, Figs. 10e23 and Figs. 24 and 25).
3.4. The significance of target-pattern regional ore zonality
The target-pattern regional ore zonality in the Nanling
region possesses important significance: (1) the ore zones of each
ore-forming element can be used to verify the distribution of
known mineral resources in the Nanling region; and (2) the spatial
localization of the patches of spaceetime domains for minerali-
zation of the highest rank of threshold of synchronization (i.e.,
irregular patches in red color in maps of ore zoning of ore-forming
elements, Yu, 2011b, Figs. 10e23) can be used to predict the
prospecting area for specific ores.
3.5. Phase dynamics and the formation of the target-pattern
regional ore zonality
The relation between phase dynamics and the formation of the
target-pattern zonality has been discussed in detail in Section 2.3,part I of this paper (Yu, 2011a). The argumentation showed that
a single particle located at a pacemaker (center of ore formation) is
subjected to the quantum-mechanical potential. When it is attrac-
tive, then the pacemaker will be in the bound state, and is excited to
generate oscillation. As the strength of oscillation exceeds the
critical value, the pacemaker is enabled to entrain the surrounding
media to a higher-frequency state. In addition, as the quantum-
mechanical potential of the pacemaker possesses a spherical
symmetry, so it promotes chemical waves to start off from the
center of ore formation, propagate concentrically along radial
directions and form expanding target-pattern regional ore zonality
(Yu, 2011a, Figs. 10 and 11). In short, it must be emphasized that
the quantum-mechanical attractive potential supports the existence
of bound state of the pacemaker and induces it to reach the excited
state of the critical point, which is a necessary condition for the
formation of a target-pattern by phase dynamics.3.6. The essence of target-pattern regional ore zonality
The two giant target-pattern regional ore zonings in the Nanling
region were generated by reactionediffusion from the two centers
of ore formation. The original chemical waves underwent
synchronization, dynamical clustering and phase dynamics to
become coherent waves of various ore-forming elements and
propagated sustainedly through long distances toward the shallower
level of the earth and in the long run formed the target-pattern
regional ore zonality. In essence, the target-pattern regional ore
zonality is a pulsatory autosoliton. It is a far-from-equilibrium,
weakly chaotic, quasi-regular, localized dissipative structure in
near-equilibrium geological media. It is a dynamical ordered
structure of phase wave formed by phase dynamics.
An autosoliton is a soliton in a dissipative system (Kerner and
Osipov, 1994) and a soliton is a localized coherent impulse with
large amplitudes. It possesses such a characteristic that after
interaction (such as collision) with another soliton, it can still keep
its integrity (i.e., shape, amplitude and velocity invariant), and
propagates sustainedly for long distances as nonlinear traveling
waves (solitary waves), eventually forming a quasi-regular
coherent structure (Fig. 10) (Scott and Stevenson, 1984, 1986).
In the Nanling region, the various ore zonings of different ore-
forming elements are all pulsatory wave trains generated in an
excitable system by reactionediffusion processes occurring in the
C.W. Yu / Geoscience Frontiers 2(4) (2011) 551e569560geochemical fields. These types of pulsatory solitary wave trains
developed in different degrees in the maps of ore zoning of the 14
elements (Yu, 2011b, Figs. 10e23). Dewel and Borckmans (1991)
pointed out that recent years have witnessed a growing interest for
the study of the origin of ‘localized structures’ that have been
observed in experiments in hydrodynamics as well as in studies of
model equations. They consist of finite domains inwhich the system
is in one state embedded in a background consisting of other state.
These ‘intrinsic solitary waves’ can appear in a uniform environ-
ment and their characteristic properties (width, frequency, etc.) are
entirely determined by the parameters of the system. The term
‘autosoliton’ was coined by Kerner and Osipov (1989) to charac-
terize these patterns. Such localized structures can also exist in
‘reactionediffusion systems’ exhibiting uniform oscillations. Their
relevance to the problem of the existence of ‘homogeneous target
patterns’ has been expounded byDewel andBorckmans (1991). It is
also known that periodical solitary wave trains are a self-similar,
finite solitary-wave series that form in space as time elapses
(Fig. 11) (Barenblatt, 2003).
4. The characteristics, basic problem, mechanisms
of formation and spatio-temporal structure of the
target-pattern regional ore zoning
4.1. The characteristics of hydrothermal ore zoning
The mineral resources in the Nanling region formed mostly in the
postmagmatic stage and belong to postmagmatic ore deposits,
including pegmatitic, contact metasomatic and hydrothermal
deposits.
The regional ore zoning in the Nanling region is chiefly hydro-
thermal ore zoning, which possesses the following characteristics:
(i) In general, the term ‘hydrothermal ore zoning’ refers to the
zoning of metallic elements in ore bodies and the zoning of
wallrock alteration as a whole. It is manifested in the
sequential zonal distribution of associations of minerals and
chemical elements in space.
(ii) The minerals and chemical compositions in each zone keep
constant, but the composition of the zoning as a whole shows
sequential regular variation.
(iii) There is generally a sharp boundary between two neigh-
boring zones, and the compositions on the two sides of the
boundary appear as a discontinuity (jump or interruption).Figure 11 Initial elevation of free surface of a heavy fluid in
a shallow channel generates a finite series of solitary waves (solitons)
(after Barenblatt, 2003).(iv) The hydrothermal ore zoning as a whole demonstrates radial
symmetry (i.e., radial symmetrical structure of target pattern)
to varying degrees.4.2. The basic problem of the hydrothermal ore zoning
Ore zoning and its corresponding alteration zoning of wallrocks in
hydrothermal ore deposits (or ore fields) are the result of chemical
interactions occurring between the ore-forming fluids and rocks in
the ore area as the former flows in porous rocks. Thus, hydrothermal
ore zoning is in essence a transportereaction problem or ‘reactive
flow problem’. Here, ‘transport’ or ‘flow’ is mainly ‘percolate’, that
is, the flow of ore-forming fluids through the porous, permeable
media of the wallrock, whereas the chemical reaction is predomi-
nantly dissolution and precipitation. The dissolutioneprecipitation
reaction causes concentrations of chemical components in the ore-
forming fluid and the wallrock to change and results in chemical
waves. Hence the basic problem of hydrothermal ore zoning is the
formation and propagation of chemical (dissolutioneprecipitation)
waves in fractured, porous rocks and the ordered spatio-temporal
structures formed therefrom (Lake et al., 2002).
4.3. The mechanisms of formation of spatio-temporal
structure of target-pattern hydrothermal ore zoning
A coupled percolation and dissolutioneprecipitation dynamic
process may be described by the following partial differential
equations (Bryant et al., 1987):
v
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4CTi

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þ uvCi
vx
4D$v
2Ci
vx2
Z0; iZ1;.; I ð4Þ
where Ci
T is the total concentration of component i in the
fluid phase and solid phase, Ci is the total concentration of
component i in the fluid phase, 4 is the porosity of the media, u is
the flow velocity of the fluid, D is the diffusion coefficient (take
the same constant for the various components). The general
solution of Eq. (4) is determined by the condition for coherence
and the downstream equilibrium condition. The coherence of the
waves means that the concentrations of all the independent
components in the waves move with the same velocity and the
‘downstream equilibrium condition’ implies that the region
downstream of a precipitation wave is saturated with respect to the
solid precipitating at that wave even though the solid is not present
in the region. Under the Riemann condition (Lake et al., 2002), the
general solution of Eq. (4) expressed by the chemical wave is
a series of constant-state regions emitted from the origin of the
timeedistance diagram (Fig. 12). They are separated by the shock
waves of dissolutioneprecipitation waves.
Helfferich (1986, 1989a,b) made use of the following first-
order, quasi-linear, homogeneous, partial differential equations
from chromatography of two solutes (Aris and Amundson, 1973)
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to study the propagation of multicomponent wave. Where u and y
represent dependent variables (concentrations of solutes), x and y
Figure 12 The timeedistance diagram (for the general solution of
Eq. (4)) (after Bryant et al., 1987). t: dimensionless time; x: dimen-
sionless distance; : perturbation induced by the injection of fluid; R:
region of constant composition; D: downstream; U: upstream; straight
line: dissolution/precipitation waves; slope of straight line: velocity of
propagation for chemical waves.
Figure 13 Regions of noncoherence, coherence, and constant state
in x, y plane for system with two dependent variables (schematic)
(after Helfferich, 1986). The characteristic curves started from the
constant initial conditions are shown as solid curves, whereas the
characteristic curves started from the varying initial conditions are
shown as dashed curves.
Figure 14 Regions of noncoherence, coherence, and constant state
in x, y plane for system with four dependent variables (schematic)
(after Helfferich, 1986). The characteristic curves started from the
constant initial conditions are shown as solid curves, whereas the
characteristic curves started form the varying initial conditions are
shown as dashed curves.
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DZ 1þ yþ u, k is a constant.
Helfferich employed method of characteristics to give a mathe-
matical proof of the principle of coherence among multicomponent
precipitationedissolution waves. The conclusion obtained was:
under the condition of no interference from outside, if a certain
single perturbation occurred in an ore-forming media, then it would
spontaneously give rise to a multiple response with steadily varying
constant velocities. This is the essence of hydrodynamical ore
zoning (Figs. 13 and 14). Here, a single perturbation refers to
composition variation due to a single process, whereas a multiple
response refers to a series of ore zoning.
The dynamic mechanisms for the formation of hydrothermal
ore zoning can be summed up in the following six basic points:
(i) Chemical interactions occur between ore-forming solutions
and wallrocks, generating multicomponent ‘non-coherent
waves’ formed by superposition of chemical waves with
different propagating velocities (Figs. 13 and 14) (Helfferich,
1986).
(ii) When the non-coherent waves enter the media of wallrock
and encounter perturbation (e.g. structural action or injection
of pulse of hydrothermal solution into fractures, etc.), they
are decomposed into coherent component waves, and then
form regions of constant states with constant compositions
(zones) (Figs. 13 and 14) (Helfferich, 1986).
(iii) The shock waves separate apart the regions of constant states
(zoning), and form the sequence of zoning with respectively
constant compositions according to the sizes of velocities of
propagation of the coherent waves (Figs. 13e15). The shock
waves appear in between the regions of constant states (zoning)
as discontinuous transition regions to become sharp boundaries
of zoning (Fig. 14).
(iv) The metasomatic fronts of the ore-forming hydrothermal
solution move from the upstream to the downstream with
sustainedly increasing constant velocities, whereas the
coherent waves and the zones move in the reverse direction
with sustainedly decreasing constant velocities (Fig. 12).(v) The metasomatic zoning and the metasomatic fronts generate
and develop simultaneously and enlarge proportionally,
keeping the compositions and the relative widths invariant
(‘fractal growth’).
Figure 15 Shock structure of a dissolution/precipitation wave (in
the presence of diffusion) (after Bryant et al., 1987). The concentra-
tion profiles show a single discontinuity at zZ 0, separating the
regions of constant states in the upstream from that in the downstream.
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rise to the spatio-temporal separation of the associations of
minerals and chemical elements. Spatio-temporal separation
is a composite effect of the velocity of percolation, the reac-
tion velocities of homogeneous phases in the fluid, the reac-
tion velocities of heterogeneous phases in the fluid-rock
system, the velocities of propagation of the dis-
solutioneprecipitation waves, and so on (for details of ore
zoning, see Yu, 2006).4.4. The essential significance of the target-pattern regional
ore zoning
The existence of target-pattern regional ore zonality in the Nan-
ling region is an important discovery. Its characteristic type of
nonlinear concentric target-pattern is radically different from the
ordinary shape of linear type. The Yichang Institute of Geology
and Mineral Resources (2002) held that in the Nanling region the
three regional structural-magmatic belts (the NE-directed Yan-
lingeHexian, the NW-directed ChangningeLianping and the
EeW directed YangsuoeLongnan structural-magmatic belts) are
the chief controlling conditions for the regional metallogenetic
regularity (Fig. 16).
The complicated, diversified compositions of the geological
media in the Nanling region generated an excitable geochemical
field. In this excitable field, the ore-forming system took the
pacemaker as the center of ore formation to give rise to a target-
pattern regional ore zonality. This characteristic type of ore
zonality is coincident to a great extent with the giant ringlike
structure located at the juncture of Jiangxi, Hunan and Guangdong
provinces revealed by satelliteeremote-sensing techniques in the
Nanling region. This coincidence possibly reflects the metal-
logenetic so-called ‘primeval regime’ presented during the Yan-
shanian epoch in the Nanling region. Here, the primeval regime
refers to the condition and regime of ore formation that existed in
the metallogenetic source region at the medium to deep level in
the earth crust beneath the Nanling region where later structural
and magmatic activities had not yet taken place at shallow level.
For details see the following section.5. The spatio-temporal superposition of multiple
coupled pulsatory solitary wave trains of the zonal
sequences of different ores
We see from Section 4.3 that the zonal sequences of different ores
are dynamic structures with a specific spatio-temporal order. The
mechanisms of its formation possess the following characteristics:
(1) The ore zoning is composed of coherent waves with different
compositions that possess different yet constant frequencies
and velocities;
(2) The coherent waves move from the downstream to the
upstream with sustainedly decreasing constant velocities and
are localized successively in space and time, generating series
of ore zonings with respectively constant compositions;
(3) Discontinuities (or interruption) in space, time and composi-
tions exist between neighboring zones with different
compositions;
(4) The coherent waves making up the ore zoning are all solitary
waves.
Where from we can draw the following conclusion: the target-
pattern regional ore zonality in the Nanling region was constituted
by spatio-temporal superposition of multiple coupled pulsatory
solitary wave trains of the zonal sequences of different ores.
In this case we encounter a ‘coupled phase field’ of several
coupled phases, and not a relatively independent single phase field.
According to phase dynamics, if a system undergoes a number of
bifurcations, its continuous symmetry would be broken, and the
original one-dimensional stationary periodic spatial pattern
becomes unstable with respect to the time-oscillation component
that appeared as a secondary mode, leading to the coexistence of
phases representing both spatial and temporal translation modes,
and from their coupling, complicated phenomena not observable in
a single phase field can arise. The spatio-temporal overlapping and
superposition phenomena arisen from the coupled phase fields
should be studied with the ‘coupled multifield phase dynamics’, or
simply ‘multiple field dynamics’, which is intimately related to the
metallogenetic ‘primeval regime’, as we shall discuss below.
Let us consider the case in which, in an one-dimensional
stationary spatial pattern of wave number k, a nonpropagating
limit cycle oscillatory component characterized by the same wave
number arises. In general, the field variable for such a situation
X(x, t) has the following form:
Xðx; tÞZX0ðf1Þ þ yðf1;f2Þ ð6Þ
f1Zkxþj1; f2Zutþj2 ðj1;j2 arbitraryÞ
where X is field variable, f is phase, j is phase difference, k is
wave number, u is frequency. Here, X0ðfþ 2pÞZX0ðfÞ and
yðf1 þ 2p;f2ÞZyðf1;f2 þ 2pÞZyðf1;f2Þ.
Besides, we assume that the stationary component possesses
symmetry with respect to spatial inversion, i.e., X0ðfÞZX0ðfÞ.
The equations of multiple field dynamics are
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(Mori and Kuramoto, 1998).
Figure 16 Sketch map of prospecting areas for tin-polymetallic ore deposits in the Nanling region (after Yichang Institute of Geology and
Mineral Resources, 2002).
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interesting than single-mode systems is the fact that the interaction
between modes can lead to new types of phase instabilities. For
details of ‘multiple field dynamics’ see Mori and Kuramoto (1998).
By comparing themultiple field dynamics with the various maps
of ore zoning (Yu, 2011b, Figs. 10e25), one can better understand
the implications of the statement: the target-pattern regional ore
zoning in the Nanling region was constituted by the spatio-temporal
superposition of multiple coupled pulsatory solitary wave trains of
the zonal sequences of different ores. If we further compare this
with the widely and densely distributed ringlike structures in the
Nanling region revealed by satelliteeremote-sensing techniques,
then we can more deeply understand the intimate relationship
between the multiple field dynamics and the metallogenetic
‘primeval regime’.
Giant compression fracture belts in South China are distributed
within the scope of more than ten provinces and autonomous
regions, which is centered at the Nanling region, and with an area
of more than 1,500,000 km2. Yu et al. (1989) applied satel-
liteeremote-sensing techniques to accomplish the 1:2,000,000
MSS-7 tessellated picture of satellite photographs with high
quality over the whole area, and interpreted it in detail in
combination with the regional geology.
One of the important characteristics exposed by the satel-
liteeremote-sensing images in South China is the numerous
densely and widely distributed ringlike structures. There are 38
giant ringlike structures with diameters greater than 100 km, of
which the largest ring at the juncture of Jiangxi, Hunan andGuangdong provinces is located at the center of this region. The
diameter of its concentric outer rings is more than 1000 km, in
which there is a distinctly bounded ring with a diameter of more
than 460 km. The other medium- and small-sized rings are scat-
tered innumerably all over the area (Fig. 17).
By comparing the results of my research with the satel-
liteeremote-sensing images (Fig. 17), we can draw the following
conclusions:
(1) The geological history, especially the structural and magmatic
activities occurred during the Yanshanian movement in the
Nanling region made the geological media of the latter highly
excitable and generated widely distributed excitable fields.
This provides the important dynamic condition for the occur-
rence of numerous densely and widely distributed ringlike
structures in the Nanling region;
(2) The giant ringlike structures at the juncture of Jiang-
xieHunaneGuangdong provinces occurred in the principal
part of the Nanling region and are located at the center of
South China. It is coincident with the target-pattern regional
ore zoning in the Nanling region;
(3) The rings of different sizes in the ringlike structures exhibit in
various ways such as overlapping, coupling, nesting and inter-
secting, etc., and possess concentric, eccentric, multi-layered
and chainlike structures. These characteristics possibly reflect
the mechanisms of formation of the target-pattern regional ore
zoning due to the spatio-temporal superposition of multiple
coupled solitary wave trains of various ore-forming elements;
Figure 17 Map of linear and ringlike structures from interpretations of satellite and remote-sensing images of South China (after Yu et al., 1989).
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Figure 18 Illustration of quasi-symmetry (quasi-periodicity) of
local isomorphism and long-range order in a pattern (after Zaslavsky
et al., 1991).
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the juncture of JiangxieHunaneGuangdong provinces are
intimately related to the intrusion of granitic magma during
the Yanshanian epoch; (2) a ‘center of remelting’ of the
remelted granite in the continental earth crust in the Nanling
region is probably inherent under the ringlike structure,
whereas the latter is its trace exposed at the surface of the
earth crust. However, we further hold that the two centers of
ore formation and the metallogenetic source region at the
depth of the Nanling region are intimately related to the
‘center of remelting’;
(5) The quasi-periodic regional configuration of the ringlike
structures in the Nanling region possesses the characteristics
of coexistence of ‘local isomorphism’ and ‘long-range order’
(Zaslavsky et al., 1991).
As viewed from the science of complexity, the regional
configuration of the ringlike structures possesses the properties of
‘quasi-symmetry’ and ‘quasi-periodicity’. A quasi-symmetric or
quasi-periodic pattern often manifests the coexistence of local
isomorphism and long-range order.
By ‘local isomorphism’ we refer to the phenomenon that the
local areas in the pattern possess a finite number of certain elements,
which are the skeleton cells of a stochastic web, forming the basis of
quasi-symmetry of the pattern. By long-range order we refer to the
phenomenon that the singularities of the energy surfaces in the
pattern possess a quasi-symmetrical dispersive distribution
showing a Fourier spectrum; the latter is realized by scale-invariant
(self-similar) spatio-temporal structures constituted by an infinite
number of display and endless nesting in spaceetime (Fig. 18).
The ringlike structures of various sizes in the Nanling region
possibly reflect the fact that the concealed igneous intrusions
(concealed batholiths, intrusives and dykes, etc.) (Fig. 19) and theircorresponding concealed ore-forming systems (metallogenetic
regions, ore fields and ore deposits) both possess the weakly
chaotic, quasi-periodic spatio-temporal structures which manifest
the characteristics of local isomorphism and long-range order.
To sum up the above discussion, the target-pattern regional ore
zonality in the Nanling region was generated by spatio-temporal
superposition of multiple coupled pulsatory solitary wave trains of
zonal sequences of different ores. The multiple field dynamics
reflects the metallogenetic ‘primeval regime’ present during the
Yanshanian epoch in the region. Here, the term ‘primeval regime’,
refers to the condition and regime of ore formation that existed in
the metallogenetic source region at medium to deep levels in the
earth’s crust beneath the Nanling region, where later structural and
magmatic activities had not yet taken place at the relatively
shallower level.
6. Conclusions
Synchronization, dynamical clustering and phase dynamics reveal
the target-pattern regional ore zonality in the Nanling region.
6.1. Ore formation of the early and late Yanshanian epochs
(1) Synchronization and dynamical clustering bring to light the
early and late Yanshanian metallogenetic epochs.
(2) The inverse power law shown by the logelog plot of
metallogenetic frequencies vs. geological times demonstrate
that in South China the ore-forming processes during
the Indo-Chinese, early Yanshanian and late Yanshanian epochs
all possess the characteristics of fractal dynamics.
(3) Among the three metallogenetic epochs, the priority of ore
formation is as follows. During the early Yanshanian epoch, the
ore-forming system arrived at the intermediate-asymptotic stage
by way of multiple optimitization, present as the optimum
regime and is the most favorable metallogenetic epoch. The late
Yanshanian epoch is the second favorable, whereas the Indo-
Chinese epoch is the most unfavorable metallogenetic epoch.
In summary, in the Nanling region, the large-scale metal-
logenetic process mainly occurred in the early and late Yan-
shanian epochs, and the former is much superior over the latter.
(4) The paragenetic association of ore-forming metals in the early
Yanshanian epoch is different from that in late Yanshanian
epoch: the former being W, Sn, Mo, Bi, Nb, La (i.e., the rare
metals and rare-earth elements); whereas the latter beingCu, Pb,
Zn, Ag, Au, Sb, Hg, U (i.e., the basemetals, preciousmetals and
radioactive element).
(5) The target-pattern regional ore zonality in the Nanling region
occurred at the edge of chaos and grew by fractal dynamics.
6.2. Two centers of ore formation
(1) In the Nanling region, there are two “target-pattern” regional
ore zonings, each of which has a center. The one is situated in
the Qitianling district, and the other is situated in the Jiuyishan
district. They are the two centers of ore formation, and
correspond respectively to the early and late Yanshanian
metallogenetic epochs. The center in the Qitianling district
(Chenzhou) is just situated at a Mohorovicic-discontinuity
fault zone near an ancient subductionecollision wedge-shaped
belt. The latter was generated along the YangtzeeCathay
subductionecollision fault zone which is NE-trending in the
Figure 19 Map of inferred geological structures and igneous intrusions in the Nanling region (after Yichang Institute of Geology and Mineral
Resources, 2002).
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western part after crossing a NW-trending basement fault zone.
(2) From a dynamics viewpoint, the center of ore formation is the
pacemaker in the field of excitability which is the source of
chemical waves. The excitability of a system originates from
a particular property of flow-reaction in the phase space.
In a flow-reaction system, when the velocity of flow (slow
variable) is within a definite range, then the velocity of
reaction (quick variable) induces bistable subsystems at the
interface of the boundary layer. They present as active and
nonactive states respectively and separate sharply by inter-
face. The slow variable cause the two kinds of stable states to
take place with a sudden transition (“switch”) at the interface,
whereby the active state renders the system to give rise to
“excitability”. The bistability and excitability are brought
about by the cooperative dynamics of quick and slow vari-
ables, or the “interface dynamics”.
The chemical compositions and geochemical properties of
the geological media in Nanling region are highly compli-
cated and diversified. They are excitable media enabling the
setting up of excitable fields. In the excitable systems in
southern Hunan province of the Nanling region, the various
flow-reaction systems generated organizing center of chem-
ical waves or pacemakers by way of interface dynamics in theQitianling and Jiuyishan districts during the early and late
Yanshanian metallogenetic epochs.
(3) After the formation of the first center of ore formation in the
Qitianling district during the early Yanshanian epoch, the envi-
ronment of the excitable field underwent large variation over
a long period of time until the arrival of late Yanshanian epoch,
the first pacemaker shifted to the Jiuyishan district by way of
“meandering” and generated the second center of ore formation.
6.3. The “target-pattern” regional ore zonality
6.3.1. Morphology and structure of the regional ore zonings
The two target-pattern ore zonings manifest concentric shape in
two dimensions, and probably present as inverted cones with
apexes downward in three dimensions.
The target-pattern ore zoning in the Jiuyishan district has well
developed; whereas that in the Qitianling district presents as
a semicircle, with the imperfection probably due to the limitation
of the east and south boundaries.
The two target-pattern ore zonings both have a distinct concentric
structure, in which the rings of different chemical elements possess
different radii. They superpose as a nest and form a target pattern as
awhole. The zoning for a single element possesses at least one to two
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“arc segments” with different lengths may appear at different
distances from the center of ore formation. These concentric rings
and “arc segments” were generated by the spatio-temporal periodic
pulsation of the solitary wave trains of the ore-forming hydrothermal
solutions occurring in the zoning process.
6.3.2. The metallogenetic epochs and their paragenetic
associations of ore-forming elements in the regional ore zoning
Among the 14 ore-forming elements, W, Sn, Mo, Bi, Nb and La (6
elements) appear in ore zoning in the Qitianling district, whereas
Cu, Pb, Zn, Ag, Au, Sb, Hg and U (8 elements) appear in ore
zoning in the Jiuyishan district. The former association of
elements belongs to the early Yanshanian epoch, whereas the
latter belongs to the late Yanshanian epoch.
6.3.3. The order of the regional ore zoning
Based on the mechanism of formation and the structure of the ore
zoning, we can infer the order of the regional ore zoning. In the
regional ore zoning of the early Yanshanian epoch, the distances
from the center of ore formation of the 6 zones are, from the near to
the distant, BieMoeNbeLaeSneW. In the late Yanshanian epoch,
the distances from the center of ore formation of the 8 zones are,
from the near to the distant, CuePbeZneAgeAueSbeHgeU.
In both regional ore zonings, the velocity of propagation of the
chemical wave for the nearer zone is relatively slower, whereas for
the more distant zone it is relatively faster.
6.3.4. The significances of target-pattern regional ore zonality
(1) The ore zones of each ore-forming element in themselves can
be used to verify the distribution of known mineral resources in
the Nanling region; (2) The spatial localization of patches of
spaceetime domains for mineralization of the highest rank of
threshold of synchronization in ore zones can be used to predict
the prospect area of specific ores.
6.3.5. Phase dynamics and the formation of the “target-pattern”
regional ore zonality
The quantum-mechanical attractive potential supports the exis-
tence of bound state of the pacemaker and induces it to reach the
excited state of the critical point, which is a necessary condition
for the formation of a pattern by phase dynamics.
6.3.6. The essence of the target-pattern regional ore zonality
In essence the target-pattern ore zonality is a pulsatory autosoli-
ton. It is a far-from-equilibrium, weakly chaotic, quasi-regular,
localized dissipative structure in near-equilibrium geological
media. It is a dynamical ordered structure of phase wave generated
by phase dynamics.
In the Nanling region, the various ore zonings of different ore-
forming elements are all pulsatory wave trains. They developed in
different degrees in the map of ore zonings of the 14 elements.
6.4. The basic problem, mechanisms of formation and
spatio-temporal structure of the target-pattern regional ore
zoning
The mineral resources in the Nanling region formed mostly in the
postmagmatic stage, and the regional ore zoning is chiefly the
hydrothermal ore zoning. In general, the term “hydrothermal ore
zoning” refers to the zoning of metallic elements in ore bodies andthe zoning of wallrock alteration as a whole. It is manifested in the
sequential zonal distribution of associations of minerals and
chemical elements in space and time.
6.4.1. The basic problem of the hydrothermal ore zoning
The basic problem of the hydrothermal ore zoning is the formation
and propagation of chemical waves (especially dissolutione
precipitation waves) in the fractured, porous rocks and the ordered
spatio-temporal structures formed therefrom.
6.4.2. The mechanism of formation of the spatio-temporal
structures of the target-pattern hydrothermal ore zoning
(1) The dynamical process of hydrothermal ore formation
The coupled percolation and dissolutioneprecipitation
dynamical process may be described by the partial differential
equations (Bryant et al., 1987):
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Under the Riemann condition, the general solution of Eq. (4)
expressed by the chemical wave is a series of constant-state regions
emitted from the origin of the timeedistance diagram (Fig. 12).
Helfferich (1986, 1989a,b) concluded fromprinciple of coherence
that:
Under the condition of no interference from outside, if a single
perturbation occurred in an ore-forming media, then it would spon-
taneously give rise to a multiple response with steadily varying
constant velocities. Here, a single perturbation refers to composition
variation due to a single process,whereas amultiple response refers to
a series of ore zoning (Figs. 13 and 14).
(2) The mechanisms for the formation of the hydrothermal ore
zoning
(i) Chemical interactions occur between the ore-forming solutions
and the wallrocks, generating multicomponent “non-coherent
waves” formed by superposition of chemical waves with different
propagating velocities;
(ii) When the non-coherent waves enter the media of wallrock and
encounter perturbation, they are decomposed into coherent
component waves, and then form regions of constant states with
constant compositions (zones);
(iii) The shock waves separate apart the regions of constant states
(zones), and form the sequence of zoning with respectively
constant compositions according to the sizes of velocities of
propagation of the coherent waves. The shock waves appear as
sharp boundaries of zoning;
(iv) The metasomatic fronts of the ore-forming hydrothermal
solution move from the upstream to the downstream with
sustainedly increasing constant velocities, whereas the coherent
waves and the zones move in the reverse direction with
sustainedly decreasing constant velocities;
(v) The metasomatic zoning and the metasomatic fronts generate
and develop simultaneously and enlarge proportionally, keeping the
compositions and the relative widths invariant (“fractal growth”).6.4.3. The essential significance of the target-pattern regional ore
zonality
(1) The existence of the target-pattern regional ore zonality in the
Nanling region is an important discovery. Its characteristic
C.W. Yu / Geoscience Frontiers 2(4) (2011) 551e569568type of the nonlinear concentric target-pattern is radically
different from the ordinary shape of linear type;
(2) The target-pattern type of regional ore zonality is coincident
to a great extent with the giant ringlike structure located at the
juncture of Jiangxi, Hunan and Guangdong provinces
revealed by the satelliteeremote-sensing techniques in the
Nanling region. This coincidence possibly reflects the met-
allogenetic “primeval regime” presented during Yanshanian
epoch in the Nanling region.6.5. The spatio-temporal superposition of multiple coupled
pulsatory solitary wave trains of the zonal sequences of
different ores
(1) The target-pattern regional ore zonality in the Nanling region
was constituted by the spatio-temporal superposition of
multiple coupled pulsatory solitary wave trains of the zonal
sequences of different ores. The spatio-temporal overlapping
and superposition phenomena arisen from the coupled phase
fields should be studied with the “coupled multifield phase
dynamics” (or simply “multiple field dynamics”).
(2) The giant ringlike structures at the juncture of Jiangxi, Hunan
and Guangdong provinces occurred in the principal part of the
Nanling region and are located at the center of South China. It
is coincident with the target-pattern regional ore zoning in the
Nanling region.
The rings of different sizes in the ringlike structures
appeared in various ways such as overlapping, coupling,
nesting and intersecting etc., and possess concentric, eccen-
tric, multi-layered and chainlike structures. These character-
istics possibly reflect the mechanisms of formation of the
target-pattern regional ore zoning due to the spatio-temporal
superposition of multiple coupled solitary wave trains of
various ore-forming elements.
(3) Yu et al. (1989) believed that (1) the giant ringlike structures at
the juncture of Jiangxi, Hunan and Guangdong provinces are
intimately related to the intrusion of granitic magma during the
Yanshanian epoch; (2) A “center of remelting” of the remelted
granite in continental earth crust in the Nanling region is
probably inherent under the ringlike structure, whereas the
latter is its trace exposed at the surface of the earth crust.
However, we further hold that the two centers of ore
formation and the metallogenetic source region at the depth of
the Nanling region are intimately related to the “center of
remelting”.
(4) The quasi-periodical regional configuration of the ringlike
structures in the Nanling region possesses the characteristics of
coexistence of “local isomorphism” and “long-range order”.
The ringlike structures of various sizes in the Nanling
region possibly reflect the fact that the concealed igneous
intrusions (concealed batholiths, intrusives and dykes etc.) and
their corresponding concealed ore-forming systems (metal-
logenetic regions, ore fields and ore deposits) both possess the
weakly chaotic, quasi-periodic spatio-temporal structures
which manifest the characteristics of local isomorphism and
long-range order.
(5) The multiple field dynamics reflects the metallogenetic
“primeval regime” presented during the Yanshanian epoch in
the Nanling region. Here, by “primeval regime” we refer to
the condition and regime of ore formation existed in the
metallogenetic source region at the medium to deep level inthe earth curst beneath the Nanling region where later struc-
tural and magmatic activities had not yet taken place at the
relatively shallower level.
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